Introduction
Various attempts have been made to utilize ferrokinetic measurements to characterize disorders in iron metabolism and, in particular, to quantitate erythropoiesis in normal and anemic subjects (1) (2) (3) (4) (5) . These calculations, based on the disappearance rate from the plasma of injected radioiron, the total plasma iron level, and the amount of 59Fe localized in the circulating red cells 2 weeks after injection, indicate values of red cell turnover considerably higher than those obtained from such established measurements as the red cell life-span. The reason for this lies in the complexity of internal iron exchange as reflected in the plasma radioiron disappearance. This is not a single exponential, but a complex curve, which reflects both the departure of iron and its constant re-entry into the plasma from the tissues. The purpose of this study was to obtain accurate data about the shape of this curve in normal subjects and to characterize by mathematical analysis the iron exchange between plasma and extravascular sites. A subsequent paper will deal with experimental confirmation of part of the model proposed.
Methods
The eight subj ects were healthy males between the ages of 20 and 30 years. These individuals had no history of anemia and no known significant blood loss or blood donation during the preceding year. Reticulocyte counts were all below 1.5%. Pertinent blood values are shown in Table I .
The format of the study was similar to that described by Huff and co-workers (6) and later modified by Pollycove and Mortimer (4) . '9Fe with a specific activity of about 10 Ac per lsg was employed in a dose of approximately 0.5 ,uc per kg. This would give a cumulative marrow dosage of approximately 1.75 rads (7a). In preparation of the radioiron for intravenous injection, trisodium citrate was added to the radioactive ferric chloride in a molecular ratio of 2 to 1. This was incubated at room temperature for 30 minutes after mixing with 10 to 15 ml of sterile plasma obtained from normal subjects. The plasma donors had given no evidence of hepatitis virus transmission in prior experiments when their blood had been transfused. After the addition of radioiron, the saturation of the iron-binding capacity of the plasma transferrin did not exceed 70%. A standard was prepared from about 1 ml labeled plasma in a 500-ml volumetric flask containing 0.5 g EDTA diluted to volume with saline. The remainder of the labeled plasma was injected into the subject. The exact amounts of standard and subject doses were determined by weighing the syringe before and after each injection.
The labeled plasma was administered at approximately 10:00 a.m. unless otherwise stated. Before injection, a blood sample was drawn for plasma iron and iron-binding capacity measurements, hematocrit, reticulocytes, and background radioactivity determinations. Plasma iron and reticulocyte counts were repeated at 5 and 12 hours during the first day. Blood was drawn into a heparinized syringe 10 minutes after injection of the isotope and frequently thereafter during the first 12 hours, with an average total of 9 samples. Thereafter, samples were taken as indicated in Figure 1 . We were careful to avoid hemolysis, and the blood was rapidly processed. The packed red cell volume of each sample was determined. Radioactivity of the plasma was determined on 2 ml plasma during the first 12 hours and thereafter on 4 ml. Two ml of whole blood corresponding to each plasma sample was hemolyzed by saponin and counted. Also, during the first day, we washed 5-ml samples of whole blood four times with saline before counting to determine the direct radioactive uptake by cellular elements. Urine collected and counted during the first 3 days contained, in all instances, less than lo of the injected radioactivity. Cumulative stool losses over the first 10 days in each of four subjects were also less than 1%. An additional 1 to 1.6% of the isotope injected was removed over 2 weeks through blood sampling in six subjects.
To distinguish between radioactive hemoglobin and transferrin-bound radioiron, we dialyzed plasma samples against a buffer solution containing 0.01 M EDTA and 0.1 M sodium acetate with a pH of 5.5 to 5.6. A comparison of buffers containing 0.1 M EDTA and varying concentrations of sodium acetate from 0.1 to 0.3 M, with the pH adjusted between 5.5 and 5.6 with acetic acid, showed that there was no significant difference in the amount of iron dialyzed. Radioiron added in vitro to transferrin was more than 98% dialyzable, whereas hemoglobin iron remained in the dialysis bag. During the first day of the experiment, when the blood contained little or no radioactive hemoglobin, over 95% of the plasma radioactivity was removed by dialysis. Subsequent (Table II) showed more activity in the nondialyzable fraction.
We made duplicate counts of 10,000 on each sample obtained in this study, using a well-type scintillation counter with automatic sample changer.' The average background was 220 cpm, and the efficiency of the counting was about 25%.
Plasma iron was determined by the method of Bothwell and Mallett (8) , and iron-binding capacity was determined by the method of Ressler and Zak (9) . Packed cell volumes were obtained by centrifuging the heparinized blood in a Wintrobe hematocrit tube at 2,000 g for 30 minutes. Values of plasma radioactivity during the first 2 to 3 hours after injection of radioiron were plotted on semilogarithmic graph paper. A straight line was fitted by the method of least squares and extrapolated back to zero time. From this zero time activity and the amount of radioactivity injected, the plasma volume of the recipient was calculated. The half-time for plasma iron clearance was also obtained from the initial slope of this curve. In order to facilitate comparison of the plasma iron curves, we assigned a value of 100 to the extrapolated zero time in each instance; subsequent counts were expressed as percentage of the zero value.
The rate of radioiron disappearance from the plasma is a function of the amount of iron removed per unit time and the amount of iron in the compartment from which it is being lost. Fluctuations in the amount of iron in plasma cause changes in the plasma radioiron curve that are unrelated to the rate of plasma iron exchange. To eliminate the effect of variations in the plasma iron pool, we made adjustments by correcting all plasma iron values to 100 ,ug per 100 ml and changing plasma radioactivity accordingly. Since plasma volume may be assumed to remain relatively constant, adjustments in plasma iron concentration standardized the total plasma iron pool. The following formula was employed: corrected plasma radioactivity= (100/observed plasma iron in micrograms per 100 ml) X observed plasma activity.
Plasma iron turnover was calculated from the initial slope of the disappearance curve, and the plasma iron level was calculated as previously described (10) . In ad-1 Model C-120, Nuclear-Chicago, Chicago, Ill. is the natural logarithm of 2; 1,440 is the minutes in 24 hours; and the factor 0.9 is the product of the corrections for trapped plasma (0.98) and mean body hematocrit (0.92). PCV = packed cell volume. Red cell utilization was computed from the level of radioactivity reached at 10 to 14 days compared with the plasma 100%o value obtained by extrapolation to time zero. In order to take into account differences in distribution of radioiron in plasma and red cells at the initial and 2-week samplings, we employed the following formula2: red cell utilization = [(counts per milliliter blood at 2 weeks) / (counts per milliliter blood at 0 time) ] X [(0.92-0.9 H)/(1.00-0.9 H)].
Mathematical analysis of the plasma iron disappearance curves is based on the following considerations: When an iron particle (complexed iron atom) leaves the plasma, there are two possibilities; 1) the iron particle does not return, or 2) the particle returns after a sojourn time outside the plasma. The probability distribution of the sojourn times of returning particles may be calculated in the following manner. Let f (t) be the relative amount of tracer in the plasma after time t, with f(0) = 1. Let g (x) be the density of sojourn times for returning par- 2 Errors in measurements are introduced by plasma trapped in the packed red cells of the hematocrit and by the disparity between venous hematocrit and whole body hematocrit. Because of the latter, initial activity after intravenous injection of radioiron (in plasma) is artificially low and late activity (in red cells) is artificially high. The commonly used factors are 0.98 to adjust for trapped plasma and a factor of 0.92 for converting venous hematocrit to whole body hematocrit. Combining two factors gives the value 0.98 X 0.92 = 0.9016. Thus, if the venous packed cell volume gives a hematocrit reading of H, then we assume that 100 ml of venous blood contains 0.98 H ml of red cells and 100 -0.98 H ml of plasma, whereas 100 ml of average whole blood contains 0.9016 H ml of red cells and 100 -0.9016 H ml of plasma. The formula for red cell utilization is then derived from correction of both the 2-week red cell radioactive value by formula a and the initial plasma value by formula b. The hematocrit employed is that corresponding to the initial sample.
ticles. We assume that iron leaves the plasma at a constant rate, and that the feedback of every iron particle leaving the plasma is governed by the same chance mechanism, described by the feed-back density function g(x). Thus, in probability terms, we view plasma iron kinetics in the following way: An iron particle enters the plasma compartment; it spends a random time in the plasma and then leaves. The time spent in the plasma has an exponential distribution. With probability l-p, it does not return to plasma, and with probability p it returns after a random sojourn time whose density function g(x) we want to determine. The functions f and g are related by this integro-differential equation:
where -h is the initial slope of f (t), that is, h = -f'(0). The first term on the right of Equation 1 indicates that tracer is lost from the plasma at the rate of h times the amount present, and the second integral term represents the cumulative feedback. To illustrate the feedback term, say at t = 8 hours, we have:
+ hf(3)g(5) +* + hf (7)g (1). [2] The terms on the right show that at t = 8 hours, the feedback is made up of the amount received 7 hours before [hf (1)] times the proportion of that amount which is to be returned [g (7)] plus the amount received 6 hours before [hf (2) ] times the proportion of that amount which is to be returned [g (6) ], and so forth. Equation 1 may be solved numerically or by fitting the data that give the plasma iron disappearance curve f (t) with a linear combination of exponential functions, in which case g (x) will be a linear combination with one less exponential. Details of the mathematical approach have been presented (11) . The area under the extracted curve g(x) gives the proportion of particles that are fed back, i.e., the probability p that a particle will be fed back.
Results
The plasma iron disappearance and red cell radioactivity curves from six normal subjects are summarized in Figures 1 to 3 Figure 4 . It is apparent that this correction both improves the fit of individual points with the drawn curve and modifies the shape of the curve.
Mathematical interpretations. The initial curves -plotted in Figure 1 were subjected to mathematical analysis employing probability theory in which we assumed that there was a steady state of iron exchange and that the shape of the plasma iron disappearance curve was due to feedback into -plasma. The parts. Both of these refluxes had the general characteristics of exponential functions. The computations are best illustrated by a specific example (Subject 3). As indicated in Methods, the data are plotted on semilogarithmic paper, and a linear combination of three exponentials is fitted. Results of similar calculations made on the other Seattle subjects are summarized in Table IV . Of 100 particles leaving the plasma, an average of 31 appeared to return. The rapid reflux represented a return of about eight particles with an average sojourn time of 11 hours or average t4 of 7.6 hours. The slow fraction consisted of 23 particles°w ith an average sojourn time of 8 days, or average t1 of 5.5 days. * This initial expression is inadequate, however, in that it does not take into consideration the effect of diurnal variations in plasma iron, which have been found to be largely due to variations in 7 entrance of iron into plasma rather than changes in amount of iron leaving plasma (12). The calcu-N A lations of reflux in two subjects before and after ONS these corrections are shown in Table IV. as- (13) . Further studies employing more sensitive counting techniques (14) and greater precautions to prevent hemolysis will be required to solve this problem.
There is a hidden error due to differences between venous hematocrit and hematocrit in other parts of the vascular system (15) . Formulas for making these corrections have been supplied. In the calculation of plasma iron turnover, the' adjustment of the amount of plasma in blood, allowing for mean body hematocrit, alters the average plasma iron turnover from 0.69 to 0.76 mg turnover per day per 100 ml whole blood. Likewise, red cell utilization is changed to an average of 81%o when corrections-are made in the initial plasma and in the final red cell activity for mean body hematocrit.
When clearance data obtained in normal subjects by different investigators (1, (3) (4) (5) are examined, a general similarity is found among all published curves. There is continual decreasing clearance rate, changing from an original half-time of a few hours to several days. However, as indicated in Figure 5 and Table IV, differences between the individual groups are greater than those among individual subjects within each group. The reason for such differences is not apparent; they cannot be correlated with variation in the plasma iron levels, nor are they due to errors introduced in isotope counting, since samples representing a complete study of one subject, which were counted both in this laboratory and in another,8 gave similar results. Such discrepancies should be resolved before "normal" data can be accepted as completely valid.
In approaching the analysis of the iron clearance curves, one of the first considerations is the nature of plasma radioactivity. Our earlier studies (16) (17) . In the present analysis, it was only necessary to make the single assumption that the processing of iron continued at a constant rate through the experimental period. No extravascular pools were assumed, but rather the per cent returned and the density of this return in respect to time were analyzed by probability theory. There appeared to be two distinct refluxes, a rapid one of about 7% and a slow one of about 23%fo. These two distinguishable populations of returning particles would be consistent with the three exponentials that may be drawn from the plasma iron disappearance curve. These calculations are distorted by alterations in plasma iron concentration. There is an average diurnal variation of about 40%o, and irregular fluctuations also occur (7b, 18). These changes are generally considered to be less related to a change in the amount of iron leaving the plasma per unit time than to the variable release of iron from the reticuloendothelial cells (7b). When the plasma iron pool was stabilized by adjusting the plasma iron values to 100, the fall in plasma radioactivity became slower during the first day, and mathematical analysis showed a reduction of over half in the rapid reflux component, whereas the slow reflux appeared somewhat increased. Even with this adjustment, however, there remained two separable mechanisms by which iron is returned to the plasma. Each of these refluxes appears to fall off exponentially with time. It is not possible, from existing data, to define their exact contour or to determine whether they represent a single process or are each actually composed of multiple components. It is not possible to define the anatomic nature of the exchange of these two refluxes.
However, the magnitude of the rapid reflux is similar to the rate of extravascular exchange of transferrin of about 5%o observed by Katz (19) and by Awai and Brown (20) .
